Inductive transducers for measuring displacement are divided into two groups according to their measurement range. A variable air-gap type transducer is widely used for a measurement small range. A conventional variable air-gap type transducer has high sensitivity but lacks a linear measurement range. The air gap is also increased to maintain linearity as the measurement range increases, which induces a loss of sensitivity. The proposed variable overlap-area type transducer retains the original sensitivity and its linearity does not deteriorate in spite of variations of the measurement range. The proposed transducer is a flexible system that can increase its measurement range as well as maintain high sensitivity and linearity. The experimental results obtained using the prototype indicate that the sensitivity is higher than 2200 mV·V −1 mm −1 and the linearity error is below ±0.075% in the range of ±200 µm.
Introduction
Inductive transducers convert the measurand into variations of the inductivity of a coil or a transformer. 1, 2) The measurand is the input of the transducer and the physical value to be measured. Variations of inductivity contain information on the physical value to be measured and the inductivity depends on changes in magnetic resistance. The magnetic resistance of transducers containing mostly magnetic material can be influenced by changing the air gap in the magnetic circuit, the permeability of the coil, and the relative permeability, µ r . 3) Research studies on inductive transducers to measure physical values such as stress, force, and pressure have been performed. [4] [5] [6] Of all the physical measurands, displacement (also called length, position, motion, or movement) is probably the most measured quantity. Transformer type inductive transducers are widely used to measure displacement. A plunger-core differential-transformer transducer is designed to measure displacement in the higher range. The linear variable differential transformer (LVDT) is one of the plunger-core type devices widely used in industry and the application of its principle is spreading. [7] [8] [9] [10] As precision industries are rapidly developing, the required minimum displacement-detecting quantity is diminishing and has reached the sub-micron level. Variable air-gap type transducers are normally used to measure small displacements.
The variable air-gap type transducer produces a large output for a small displacement variation. However, this type of transducer has a narrow linear range due to schematic nonlinearity, in spite of its high sensitivity; moreover, its linearity degrades as its measurement range increases.
In this study, a variable overlap-area type transducer is introduced to solve the above-described problems and its characteristics are examined. The air-gap dimension governs the sensitivity of the variable overlap-area type transducer and the loss of sensitivity does not occur with the increase in the measurement range. In addition, nonlinearity is not dependent on the variation of the measurement range. The proposed transducer is flexibly applied to objects with various measurement ranges, and its characteristics remain constant. * Correspondence e-mail: kimsh@cais.kaist.ac.kr
Analysis of the Proposed System
The transformer type transducer with a variable air gap is shown in Fig. 1 .
3) When displacement z is induced, core (3) moves and the gap between the cores and magnetic blocks (1, 2) varies. A driving coil is wound around the movable core (3). Displacement-detecting coils wound around magnetic blocks (1, 2) are connected to produce a differential output. Making use of magnetic analogy, the arrangement in Fig. 1 can be replaced by an analogous magnetic circuit. Based on the definition of magnetic resistance and the geometry, the elements of the analogue circuit are as follows:
where µ is permeability, l k is the effective length of the magnetic block, l c is the effective length of the core, A k is the effective area of the magnetic block, and A c is the effective area of the core. The proposed variable overlap-area type inductive transducer is shown in Fig. 2 . The driving coils which form the magnetic field in the system are wound around magnetic blocks (1 and 2 in Fig. 2 ). The core is divided into two parts (31 and 32 in Fig. 2 ) around which displacement-detecting coils are wound. The two cores are moved equally according to the input displacement. In the case where l g is sufficiently small, the magnetic resistance is defined below.
where µ is permeability, l g is the air-gap dimension, h is the height of the core and the magnetic block, l is the effective length, and A is the effective area.
With the formal application of magnetic analogy, fluxes φ G1 and φ G2 in the variable air-gap type transducer are as follows:
where N 1 is the turn of the driving coil and i 1 is the driving current.
Fluxes φ L1 and φ L2 in the variable overlap-area type transducer are as follows:
Since the permeability of the ferromagnetic block, µ r is sufficiently large, eq. (1) can be simplified.
where
k . Therefore, the generating fluxes of eq. (3) are simplified as below:
In the same way, to apply the above conditions to a variable overlap-area type transducer, eq. (2) can be simplified as below:
. The flux in each core is given below:
The inductive coefficient L in the variable air-gap type transducer can be expressed as below:
The variation of (L G1 − L G2 ) is not linearly proportional to the input z. The induced voltage is as follows:
If current i 1 is I 1 sin(2π f + θ 0 ), the magnitude of the system output is given below:
is supplied, the transfer function of the system is given below:
where L 1 is inductance, R 1 is resistance of the driving coil, V G (s) denotes the Laplace transform of v G (t), and V in (s) denotes the Laplace transform of v in (t). The inductance of the variable overlap-area type is as follows:
The variation of (L L2 − L L1 ) is linearly proportional to the input z. The induced voltage is as follows:
If the current source is supplied, the output magnitude is given below:
If voltage source is connected, the transfer function of the system is given below:
To show the nonlinear characteristics distinctly, a driving input was assumed to be connected with a current source. We have set the system parameters as shown in Table I . The maximum measurement range was set to ±200 µm. Figure 3 shows output characteristics of the variable air-gap type transducer. The continuous lines are simulation output results and the dotted lines are the least squares fitted lines. The differences between the simulation output and the fitted line are due to its nonlinear characteristics as shown in eq. (11). Figure 4 shows output characteristics of the variable overlap-area type transducer and its simulation outputs are linearly proportional to the input z and inverse proportional to air-gap dimensions l g as shown in eq. (15). Figure 5 shows the gain variation of the variable air-gap type transducer according to z 0 . As z 0 decreased, the rate of improvement of sensitivity is increased. However, linearity error also increased as z 0 decreased, as shown in Fig. 6 . The linearity error is the maximum deviation of any calibration point on a least squares fitted line divided by the full Table I . Parameters for simulation of the both systems. scale. The maximum guaranteed linear measurement range according to z 0 is plotted as points and a line in Fig. 7 with the allowable linearity error limited to ±0.20%, which is the general standard. When all settings are left as they are, an increase in measurement range or decrease in z 0 degrades the linearity (cases 1, 2). An increase in z 0 causes the linearity to be improved than before, but induces a loss of sensitivity (case 3). Whenever z 0 or the measurement range is varied, recalibration is needed in the linearizer and the signal amplifier. The sensitivity of the variable overlap-area type transducer is determined by the initial air gap and it does not degrade due to an increase in range. To produce sufficient sensitivity, the air gap is set to be narrow and is maintained as such. That is, the measurement range can be increased to maintain a high sensitivity and linearity. The maximum measurement range is only limited by the initial overlap length of the cores, z 0 .
Linearity is affected not only by the schematic characteristics of the system but also by various internal and external factors in the actual situation. Assuming that the facing external factor is the same as in two systems, it is evident that considering only schematic characteristics the system, which has better linearity is also better than the other in the actual situation. A variable overlap-area type transducer does not have schematic nonlinearity, and its sensitivity and linearity do not degrade due to variations of the measurement range. That is, uniform characteristics can be maintained without concern regarding the measurement range. The following are the experimental results obtained using the variable overlap-area type transducer with respect to sensitivity, linearity and influence of parameters.
Experimental Results
The experimental results on the parameters of the variable overlap-area type transducer are presented. The source input is a 1.0V pp sinusoidal AC wave and the system output is the differential output of the position-detecting coil. An improvement in the sensitivity can be further expected when the ratio of N 2 to N 1 has larger values and the air-gap dimension l g is as small as possible. The output gain increases, shows the resonance, and then falls according to the driving frequency, f . With respect to the driving current, I 1 , the possible maximum current is determined according to the inductor and resistor, which vary according to the kind of coil and the shape of system. The rise in coil temperature due to current is particularly considered. Figure 8 shows the response characteristic as a function of the ratio of N 2 : N 1 . N 2 is varied to 250, 450, and 750 turns, given a specific N 1 . The gain improves proportionally to the increase in N 2 . Figure 9 shows the response characteristic as a function of the driving frequency. As the frequency is increased, the gain increases and then reaches a plateau. A peak value of resonance is shown and then the gain decreases when the frequency increases further. It can be seen that constant gain is obtained in the region of several kHz, regardless of frequency. Figure 10 shows the response plot as a function of the air-gap dimension. Gain increases in inverse proportion to the air-gap dimension. Figure 11 shows the experimental data as a function of input displacement. Table II shows the parameters for the prototype of the variable overlap-area type system experiment. The data were obtained at each discrete step of 50 µm in the range µm. An optical stage with a micrometer allowed the cores to move by steps of 50 µm. A laser displacement meter (Keyence LC2420), with 10 nm resolution, is used to confirm the accuracy of each step. The least squares fitting method was applied to the data and the resulting line is showing in Fig. 11(a) . The results show sensitivities of 2188.65 and 2289.70 mV·V −1 mm −1 at the frequencies of 2.5 and 5 kHz, respectively. The linearity error in the range of ±200 µm is ±0.029% and ±0.075%, respectively. Table III shows summarized data of the sensitivity and linearity error as a function of variations in the measurement range. As expected in an overlap-area type system, the sensitivity and linearity error vary very little over relatively large variations of the measurement range. The sensitivity will be further increased by a rise in the driving frequency and applied voltage or current. The appropriate filter, stable source and regulated environmental conditions will further reduce the nonlinearity.
Conclusions
In this study, a variable overlap-area type inductive transducer is introduced and compared with a variable air-gap type transducer. The latter type is widely used since it has high sensitivity in a short measurement range. However, its guaranteed linear measurement range is too small compared with the measurement range, and even a small increase in the measurement range produces a large increase in nonlinearity.
In an overlap-area type transducer, the desired high sensitivity can be obtained by setting an initially narrow air gap to be constant regardless of its measurement range. In addition, its nonlinearity is independent of its measurement range. It is a flexible structure which maintains high sensitivity and good linearity, with extending the measurement range. The prototype shows a sensitivity higher than 2200 mV·V
with a linearity error below ±0.075% over a ±200 µm range, which can be further improved by the usage of an appropriate filter and a stable source in a regulated environment.
